Fibre cell Differentiation A B S T R A C T Pitx3 is a bicoid like homeobox transcription factor of which deficiency in mice is linked with the aphakia phenotype. Mutation in human PITX3 gene is associated with autosomal dominant cataract with variable anterior segment mesenchymal dysgenesis. However, the molecular events causing the morphological changes in aphakia remains unknown. In this study we investigated the behaviour of GFP tagged Pitx3 null embryonic stem cells in chimeric lens, as well as the molecular features of the Pitx3-deficient lens of homozygous Pitx3 knockout mice. We show that the lack of colonisation of Pitx3-deficient ES cell derivatives in Pitx3 wild-type M Pitx3 null chimeric lens was due to the depletion of the epithelial cells 
Introduction
Identification of molecular determinants that regulate cell growth and differentiation has been a central theme in developmental biology. Inherent in this process is a fundamental switch of a cell from a state capable of proliferation to one that is irreversibly withdrawn from the cell cycle and undergoing terminal differentiation, a process that often requires transcription factors and/or signalling molecules working in concert. Disruption of this coordinated process often has adverse consequences, such as defects in development, tumourigenesis, and cell death.
The vertebrate ocular lens is considered a good model system to identify the cellular factors that are required for governing cellular proliferation and differentiation. In foetal and postnatal mice, the lens is composed of only two populations of cells: a monolayer of mitotic epithelial cells that covers the anterior surface of the lens, and elongated, terminally differentiated fibre cells that reside posteriorly to the lens epithelium (Smith, 2002) . In the equatorial region between the lens epithelium and fibre cell mass, cells exit from the cell cycle and undergo transition from proliferative lens epithelium to postmitotic lens fibre cells. Since lens development has many features in common with the development of other sensory organs, knowledge obtained from lens studies has implications beyond that of eye research.
The homeobox transcription factor Pitx3 has been implicated as a key regulator for lens development by studies of 0925-4773/$ -see front matter Ó 2008 Elsevier Ireland Ltd. All rights reserved. doi:10.1016/j.mod.2008.10.007 a naturally occurring mutant mouse line aphakia (Rieger et al., 2001; Semina et al., 1998) . In homozygous aphakia (ak/ak) mice, the lens vesicle is formed at around E10.5, although still connected to the surface ectoderm (i.e., the lens stalk remains present). From E11 onwards, the aphakia lens collapses into a disorganised rudimentary lens which subsequently disappears during later development (Varnum and Stevens, 1968; Zwaan, 1975; Zwaan and Kirkland, 1975; Zwaan and Webster, 1984) . Subsequent genetic mapping of the ak locus revealed two deletions close to and within the presumed 5 0 regulatory element of the Pitx3 gene (Rieger et al., 2001; Semina et al., 2000) . However, the molecular events underlying the abnormal morphological changes in the aphakia lens remain unknown.
To determine the cellular and molecular function of Pitx3 in lens development, we have generated mouse ES cell lines lacking Pitx3 and analysed the behaviour of Pitx3 null ES cell derivatives in the developing chimeric lens, in combination with a series of molecular characterisation of the Pitx3 null lens using the Pitx3-GFP knockin (out) mouse line we have generated previously (Maxwell et al., 2005; Zhao et al., 2004) . The results of this study indicate that Pitx3 functions primarily in lens epithelium and plays a pivotal role in controlling the temporal and spatial activation of fibre cell-specific crystallins.
Results

Expression of Pitx3-GFP reporter and Pitx3 protein during lens development
We first carried out a survey for targeted Pitx3-GFP reporter and Pitx3 protein expression during lens formation in wildtype and phenotypically normal Pitx3 heterozygous mice, by directly visualising GFP expression and anti-Pitx3 antibody staining. Pitx3-GFP was first visible in E10.5 embryos where expression is confined to the lens vesicles (Fig. 1A) . Between E11.5 and E12.5, the Pitx3-GFP reporter and Pitx3 protein are expressed in both the lens epithelium and differentiating primary fibre cells (Fig. 1B and C, I and data not shown). In the late foetal stage after the lens is formed, Pitx3 protein was primarily found in the lens epithelium and the lens equator region where lens epithelial cells exit from the cell cycle and differentiate into fibre cells ( Fig. 1J and K) , although GFP protein was still detectable in the lens fibre compartment (data not shown).
Pitx3 null lens degenerates after the lens vesicle stage
The physiological relevance of Pitx3 lens expression is demonstrated by severe developmental lens defects in Pitx3 null mice. Although Pitx3 null lens vesicles were formed at E10-E10.5, they appeared slightly smaller than the wild-type and Pitx3 heterozygous control lens ( Fig. 1A and D) . At E11.5, the mutant lens is evidently smaller and lacks a regular spherical geometry in comparison with wild-type and heterozygous littermates ( Fig. 1B and E) . From E12.5, the mutant eye contains a rudimentary lens consisting of disorganised cells which decreases in size as development proceeds (Fig. 1C  and F) . Sometimes the rudimentary lens remains attached to the surface ectoderm ( Fig. 1E and F) . Furthermore, by directly visualising GFP of whole foetuses it is possible to identify the Pitx3 mutants morphologically due to their irregular shape and smaller size ( Fig. 1G and H) .
In contrast to the severe lens defect, neural retina morphogenesis appeared normal in Pitx3 mutant mice until the late foetal stage. Following the complete loss of the lens-derived tissue at the late foetal/neonatal stage, the neural retina in the Pitx3 mutant eye began to fold into the empty chamber. The basic architecture of the retinal layers, however, appeared normal ( Supplementary Fig. 1 ). It is likely, therefore, that the retinal folding in the Pitx3-deficient eye is secondary to the lens defect.
2.3.
Pitx3 null cells are defective in contributing to lens epithelium in chimaeras
The rapid loss of the disorganised Pitx3 null lens cells during development presents a blockade on revealing a primary and/or specific role for Pitx3 in lens epithelial or fibre cells. To gain insight into the cellular events underlying deformed lens formation, we generated chimaeras by aggregating the Pitx3 null (Pitx3 (Maxwell et al., 2005; Zhao et al., 2004) . A previous study has revealed the lack of ak/ak cell contribution in chimeric lens made with wild-type embryos from E14.5 onwards (Liegeois et al., 1996) . It is not clear, however, whether the ak/ak cells were able to participate in the initial lens formation or were lost later during lens morphogenesis. Therefore, we chose to analyse chimaeras at E11.5, the late lens vesicle stage, and compared these chimeric lenses with those of E14.5. Initial analysis of Pitx3 null M wild-type chimaeras (referred to as mutant chimaeras hereafter) revealed that a high degree of ES cell contribution resulted in a lens defect similar to that seen in Pitx3 null mice ( Fig. 2B and E) . Therefore, only embryos with relatively normal lenses were chosen for further study. The Pitx3 GFP/GFP or Pitx3 GFP/+ ES cell contribution in these chimaeras ranged between 22% and 76% as determined by the percentage of GFP + cells in the tongue where Pitx3-GFP is expressed but a defect is not observed in Pitx3 null mice. Heterozygous Pitx3 GFP/+ cells contributed equally to the lens epithelium and the elongating fibre cells of both E11.5 and E14.5 chimaeras ( Fig. 2A and D) , constituting an average of 54.3 ± 24.1% and 60.1 ± 19.7% of the lens epithelium, and 58.3 ± 18.5% and 64.5 ± 24.3% of the differentiating fibre cells at E11.5 (n = 7) and E14.5 (n = 5), respectively, (Fig. 3 ). This level of contribution is similar to the average level seen in the tongue. However, significantly fewer Pitx3 GFP/GFP cells were present in the lens epithelium of the E11.5 mutant chimaeras (21.9 ± 0.4, n = 7) (Fig. 2C ). The representation of Pitx3 null lens epithelial cells was further reduced by E14.5. No Pitx3 GFP/GFP lens epithelial cells were found in nine of the eleven chimaeras analysed ( Fig. 2F-J; Fig. 4 ). These data suggests that Pitx3 GFP/GFP cells were compromised in participating in the initial formation of the lens vesicle and subsequent proliferation and/or survival capacity of these lens epithelial cells.
We then examined Pitx3 null cell contribution in the fibre cell compartment of the chimeric lenses. At E11.5, we observed a comparable contribution of the Pitx3 null cells in the posterior part of the lens (64.1 ± 11.8%, n = 7), to the overall ES cell contribution in the tongue (61.4 ± 19.5%, n = 7) and adjacent craniofacial area ( Fig. 2A; Fig. 3 ). However, while some of the Pitx3 GFP/GFP cells appeared morphologically normal and were intermingled with differentiating wild-type host fibre cells, there was apparent physical exclusion of the Pitx3 mutant cells from the fibre cell mass such that Pitx3 GFP/GFP cells could be found lying inside the closing lens vesicle and in the space between the retina and the posterior wall of the lens (Fig. 2C ). In E14.5 chimaeras, Pitx3 GFP/GFP cells were rarely found within the lens fibre mass. With an average of 50.9 ± 23.9% Pitx3 GFP/GFP null cell contribution in the tongue, only 16.2 ± 11.2% (n = 11) of Pitx3 GFP/GFP null cells were found in the lens (Fig. 3) . At this stage, most of the Pitx3 GFP/GFP null cells were found outside the posterior part of the lens as if they were expelled during lens formation ( Fig. 2F and H). In rare cases, Pitx3 GFP/GFP cells were found sandwiched between the wild-type host lens epithelium and the fibre cell mass in the anterior part of the lens (Fig. 2G ).
We wondered whether these posteriorly positioned Pitx3 GFP/GFP cells have initiated fibre cell differentiation and therefore stained E14.5 chimeric lens sections with an antibody against b-crystallin, a marker that is expressed only in lens fibre cells. We found that, while being excluded from the lens proper, the majority, if not all, of the Pitx3 GFP/GFP cells were bcrystallin positive ( Fig. 2I and J). Thus, our result suggests that Pitx3-deficient lens cells could undergo certain aspects of fibre cell differentiation. However, Pitx3 is cell autonomously required for the survival of these differentiating fibre cells.
Lens epithelial cell identity is not maintained in Pitx3-deficient mice
The lack of colonisation in chimeric lens epithelium by Pitx3 null cells prompted us to investigate the integrity of the Pitx3-deficient lens epithelium by examining the expression of several key regulators and marker genes normally active in epithelial cells. The PDGFa receptor, PDGFRa, is typically expressed at high levels in lens epithelial cells (Morrison-Graham et al., 1992) . Signalling through this receptor is believed to mediate the growth of lens epithelium (Brewitt and Clark, 1988; Reneker and Overbeek, 1996) . As shown in Fig. 4 , PDGFRa is expressed in the entire lens vesicle at E10.5 and E11.5 in Pitx3 heterozygous mice (Fig. 4A , B, E and F). By E12.5, its expression became restricted to the lens epithelium ( Fig. 4Q and R) . However, the homozygous Pitx3 mutant lens exhibited diminished expression of PDGFRa at E11.5 ( Fig. 4G and H) . E-cadherin is another lens epithelial marker that is also expressed in surface ectoderm (Fig. 4I, M and S) . In contrast to PDGFRa, no obvious difference in E-cadherin expression was observed between Pitx3 null and heterozygous lens epithelium at E10.5 ( Fig. 4I and K) and E11.5 ( Fig. 4M and O) . Taking these studies together, our data indicate that the full lens GFP cells on the other hand were significantly underrepresented in lens epithelium at E11.5 (n = 7) and lost at E14.5 (n = 11). * P < 0.02, ** P < 0.001, *** P < 0.005.
Fig. 4 -Expression of
PDGFRa and E-cadherin in heterozygous control and homozygous Pitx3 mutant lens. Cryostat eye sections were double stained with antibodies against GFP and PDGFRa or GFP and E-cadherin followed by TOPRO3 counter stain. Both PDGFRa and E-cadherin were expressed in Pitx3 heterozygous lens vesicle at E10.5 and E11.5 (A, E, I and M) and anterior lens epithelium at E12.5 (Q-T). However, both markers were down regulated in Pitx3 homozygous lens cells at E11.5 (G, H, O and P). Scale bar: 100 lm.
epithelial complement is not properly maintained in mice lacking Pitx3.
Inactivation of Pitx3 leads to premature activation of cell cycle inhibitors in lens vesicle epithelial cells
During normal lens development, the cyclin-dependent kinase inhibitors p27Kip1 and p57Kip2 are expressed during the differentiation and elongation of lens fibres (Nagahama et al., 2001) . Both genes are postmitotic cell markers whose expression is inversely correlated with cell proliferation. Loss of p27Kip1 and p57Kip2 leads to aberrant proliferation of lens fibre cells and compromised differentiation, indicating that the two molecules are the primary effectors of signalling pathways that control cell cycle exit and differentiation in the lens (Zhang et al., 1997 (Zhang et al., , 1998 . To investigate whether Pitx3 may play a role in co-ordinating cell cycle withdrawal in lens epithelial cells, we examined lens expression of p27Kip1 and p57Kip2 in the Pitx3 heterozygous control and Pitx3-deficient embryos by immunohistochemistry. In Pitx3 heterozygous control embryos, no expression of p27Kip1 was found in E10.5 lens vesicle ( Fig. 5A and I ) while by E11.5 weak signal was detected in the posterior part of the lens where primary fibre cell differentiation is taking place (Fig. 5E ). In contrast, both p27Kip1 and p57Kip2 were expressed already throughout the morphologically normal Pitx3 mutant lens vesicle at E10.5 (Fig. 5C, G and K) . Furthermore, while the vast majority of Pitx3 heterozygous lens vesicle cells expressed Ki67 antigen, negative staining was observed in some cells of the Pitx3 null lens vesicle (Supplementary Fig. 2 ). Together, these data suggest that the loss of Pitx3 leads to cell cycle exit of lens epithelial cells. This result is in agreement with the lack of lens epithelium contribution from Pitx3 GFP/GFP cells in chimaera studies. Taken together, our studies demonstrate that Pitx3 activity is pivotal for the maintenance of mitotic activity of lens epithelial cells. 2.6.
Loss of Pitx3 results in de-regulated expression of FoxE3 and Prox1
To ask whether Pitx3 forms part of the genetic programme controlling lens formation, we examined the expression of FoxE3 and Prox1, two transcription factors known to be required for lens epithelial cell maintenance, and the onset of fibre cell differentiation. FoxE3 encodes a winged helix forkhead transcription factor that has a similar expression pattern to that of Pitx3 during different stages of lens development (Blixt et al., 2000; Brownell et al., 2000; Semina et al., 1998 Semina et al., , 2000 . Loss of function of FoxE3 in the mouse mutant dyl, and in FoxE3 knockout mice results in a decreased rate of lens epithelial cell proliferation and premature fibre differentiation (Blixt et al., 2000; Medina-Martinez et al., 2005) . By antibody staining, we observed a clear expression of the FoxE3 protein in the forming lens vesicle of E10.5 Pitx3 heterozygous embryos (Fig. 6A) . However, no signal was detected in Pitx3 null lens, despite the fact that the morphology of the lens was still normal at this stage (Fig. 6B ). This data suggests that Pitx3 lies genetically upstream of FoxE3 during lens development.
The homeobox protein Prox1 is another regulator whose loss of function in mice causes abnormal cellular proliferation and down regulation of the cell cycle inhibitors P27Kip1 and P57Kip2, resulting in a hollow lens due to a failure in lens fibre cell elongation (Wigle et al., 1999) . This raises the question whether the ectopic cell cycle exit in the Pitx3 null lens vesicle is caused by de-regulated expression of Prox1. To address this question, we examined Prox1 protein expression via immunohistochemistry in E10.5 embryos. In the Pitx3 heterozygous lens, Prox1 is differentially expressed in the posterior part of the lens where fibre cell differentiation is about to take place (Fig. 6C) . However, Prox1 expression was extended to the anterior part of the lens vesicle in Pitx3 null mutants (Fig. 6D ). This data indicates that Pitx3 functions as a negative regulator of Prox1 expression in lens vesicle epithelial cells.
Pitx3-deficient lens epithelial cells undergo precocious activation of b-and c-crystallins
During normal lens development, cell cycle withdrawal of differentiating fibre cells involving the anti-mitogenic signals p27Kip1 and p57Kip2 is regulated co-ordinately with transcriptional activation of fibre cell-specific structural proteins such as b-and c-crystallins (Treton et al., 1991) . To ask whether the premature activation of cell cycle inhibitors in Pitx3 null lens epithelium is accompanied by a fibre cell differentiation programme, we have investigated the expression of b-and c-crystallins in the Pitx3 heterozygous control and Pitx3 null lens by staining frozen sections with respective antibodies in lens vesicle stages at E10.5, E11.5 and in newly formed lens at E12.5.
The b-crystallins are the early markers of fibre cell differentiation which begins to be expressed at E11.5. No b-crystallin staining was detected in lens vesicle cells at E10.5 in Pitx3 heterozygous control embryos ( Fig. 7A and B) . At E12.5, positive staining was restricted to the fibre cell mass and no staining was observed in lens epithelial cells in the anterior part of the lens (Fig. 7E and F) . In Pitx3 mutant embryos however, bcrystallin expression could be observed as early as E10.5 with prominent staining over the entire lens vesicle in almost all cells (Fig. 7C and D, Supplementary Fig. 3A and C) . The staining persisted in the rudimentary lens at E11.5 and E12.5 ( Fig. 7G and H and data not shown) .
The temporal expression profile of the c-crystallins was also altered in Pitx3-deficient lens. In Pitx3 heterozygous control embryos, staining for c-crystallins was first seen in the fibre cell mass of E12.5 embryos (Fig. 7I, J, M and N) . However, ccrystallin positive cells could be detected in the malformed Pitx3-deficient lens at E11.5 (Fig. 7K , L, O and P; Supplementary Fig. 3B and D) . Taking these data together, our study demonstrates a physiological role for the Pitx3 transcription pathway in suppressing b-and c-crystallin expression in lens epithelium.
Pax6 has been implicated as a negative transcription regulator of bB1-crystallin Duncan et al., 1998 Duncan et al., , 2004 Lovicu et al., 2004) . Therefore, the precocious activation of b-crystallins might be mediated by the loss of Pax6 maintenance. However, immunohistochemical study in (A and B) . In contrast, expression of Prox1 was ectopically activated in the anterior lens vesicle in Pitx3 null embryos compared to the control lens (C and D). However, Pax6 expression was detected in both Pitx3 heterozygous and Pitx3 null lens. E10.5 embryos revealed the persistent expression of Pax6 in the Pitx3-deficient rudimentary lens ( Fig. 6E and F) . This observation would be consistent with a previous gene profiling study suggesting Pitx3 as a transcription target of Pax6 (Chauhan et al., 2002) .
Discussion
The identification of Pitx3 in the late 90s as the causal gene of the aphakia mutation has marked Pitx3 as a pivotal regulator for lens development (Rieger et al., 2001; Semina et al., 2000) . However, the specific molecular events responsible for aphakia lens defects have not been characterised.
Thus, how Pitx3 integrates in the genetic programme governing lens development remains elusive. In this paper, we report that Pitx3 plays a critical role in controlling lens epithelial cell maintenance and fibre cell differentiation. Combining chimeric studies using GFP tagged Pitx3 null ES cells and phenotypic analysis of Pitx3 null mice, we show that Pitx3 is required cell autonomously for maintaining lens epithelial cell identity. Our study suggests that Pitx3 may regulate distinct targets controlling both lens epithelial cell proliferation and fibre cell differentiation (summarised in Fig. 8) . Below, we discuss these regulatory roles and suggest mechanisms as to how Pitx3 might perform these roles in the lens. 
3.1.
Pitx3 maintains lens epithelial cell character
Lens epithelial cells proliferate and give rise to terminally differentiated fibre cells throughout development and into adult life. Thus maintaining the balance between epithelial cell proliferation and fibre cell differentiation, marked by cell cycle withdrawal, is essential for normal homeostasis of a functional lens. The primary control on the balance between proliferation and cell cycle exit is achieved via the opposing expression and activity of the D-type cyclin kinases and their inhibitors p27Kip1 and p57Kip2 in lens epithelium and fibre cells (Gomez Lahoz et al., 1999; Zhang et al., 1997 Zhang et al., , 1998 . The normal high rate of proliferation of undifferentiated epithelial cells is a result of high cyclin and sporadic p57Kip2 expression in the anterior lens, whilst the abundant nuclear level of p57Kip2 in the lens fibre compartment promotes cell cycle arrest and the onset of lens fibre differentiation, despite continued cyclin expression (Lovicu and McAvoy, 1999) . We show that both p27Kip1 and p57Kip2 are ectopically activated in the anterior part of the lens of the Pitx3 null mice, indicating that Pitx3 is an essential transcription regulator in controlling the differential expression of p27Kip1 and p57Kip2.
Ectopic activation of p27Kip1 and p57Kip2 and down regulated expression of PDGFRa in anterior lens epithelium were also a key feature of FoxE3 mutant dyl mice, FoxE3 knockout mice and FoxE3 morpholino knockdown in zebrafish (Blixt et al., 2000; Medina-Martinez et al., 2005) . We found that FoxE3 expression is already lost in the morphologically normal lens vesicle of Pitx3 mutant embryos at E10.5, providing genetic evidence that Pitx3 lies upstream of FoxE3 in the lens regulatory pathway. Elimination of FoxE3 expression was also reported in zebrafish lens following Pitx3 morpholino knockdown, suggesting that this genetic pathway is evolutionally conserved (Shi et al., 2006) . However, the finding that Pitx3 activity regulates FoxE3 raised a further question of whether the ectopic and premature expression of p27Kip1 and p57Kip2 in lens epithelium is a direct consequence of Pitx3 inactivation or a secondary effect via down regulated expression of FoxE3.
The lens defect in Pitx3-deficient mice is more severe than that reported in FoxE3-deficient mice (Blixt et al., 2000; Medina-Martinez et al., 2005; Semina et al., 1998; Varnum and Stevens, 1968; Webster et al., 1986; Zwaan, 1975; Zwaan and Kirkland, 1975) . Specifically, defects in dyl mutants and FoxE3 knockout mice are primarily restricted to the lens epithelium with the fibre cell compartment remaining relatively normal (Blixt et al., 2000; Medina-Martinez et al., 2005) . In contrast, Pitx3 null fibre cells die eventually, suggesting that Pitx3 is also required for the survival of lens fibre cells during normal development. Future studies of a mouse model with lens fibre cell-specific deletion of Pitx3 would provide insight into the underlying molecular mechanism.
3.2.
Pitx3 activity suppresses fibre cell-specific crystallin expression in lens epithelium
The loss of Pitx3 has profound effects on crystallin gene regulation resulting in premature expression of both the band c-crystallins. Therefore, our study revealed Pitx3 as an important regulator for fibre cell differentiation controlling the temporal and spatial expression of crystallin genes during lens formation. Are these crystallin genes direct targets of Pitx3? Expression of major crystallins was largely unaffected in mice deficient for FoxE3 or in p27Kip1 and p57Kip2 compound mutants (Blixt et al., 2000; Gomez Lahoz et al., 1999; Medina-Martinez et al., 2005; Wigle et al., 1999; Zhang et al., 1997 Zhang et al., , 1998 . Crystallin transcription activators Sox1 and Maf are already expressed in invaginating lens vesicles when expression of Pitx3 is initiated (Nishiguchi et al., 1998; Ring et al., 2000) . Neither the Sox1 nor Maf RNA level was elevated in E10.5 Pitx3 null mutants as determined by RT-PCR (Li, unpublished observation) . Therefore, it would seem unlikely that Pitx3 activates crystallin expression indirectly via up-regulation of Sox1 or Maf expression.
Pax6 has been implicated as a repressor for bB1-crystallin based on in vitro promoter studies and the analysis of Pax6 transgenic mice Duncan et al., 1998 Duncan et al., , 2004 Lovicu et al., 2004) . We found that Pax6 expression is present in Pitx3 null lens, suggesting that the precocious activation of b-crystallins is not due to a compromised maintenance of Pax6. Furthermore, the concurrent expression of Pax6 with b-and c-crystallins would suggest that Pax6 expression alone is not sufficient to suppress crystallin activation. Paired domain transcription factors often function as homo or heterodimers. The shared differential expression of both Pax6 and Pitx3 in lens epithelium would support the hypothesis that these two transcription factors may work cooperatively on the crystallin promoter in regulating crystallin gene expression.
Prox1 is a transcription factor crucial for lens fibre elongation marking the onset of lens fibre differentiation. Inactivation of Prox1 causes abnormal cellular proliferation and loss of c-crystallin gene expression in fibre cells (Wigle et al., 1999) . In a recent study Prox1 has been shown to occupy the bB1-crystallin promoter and activate its expression in vitro (Chen et al., 2008) . Together these findings point to a possibility for a direct regulation of the crystallin genes by Prox1. We show that Prox1 protein is misexpressed in the anterior Pitx3 null lens vesicle epithelial cells and coincides with prematurely activated b-and c-crystallins. Thus it is possible that Pitx3 controls crystallin expression indirectly via Prox1. Whether crystallin expression resumes its normal temporal pattern in Pitx3 and Prox1 compound mutant lens would directly address this hypothesis.
How the regulation of Prox1 by Pitx3 is achieved remains unknown. The mutually exclusive expression of Pitx3 and Prox1 in anterior epithelial cells of the lens vesicle might support a direct transcription regulation mechanism. However, Prox1 is also co-localized with Pitx3 in posterior lens vesicles and at later stages of lens development in anterior and equatorial epithelial cells. This would implicate the involvement of other transcription co-factor(s) in suppressing Prox1 in anterior epithelial cells. It is also possible that Pitx3 regulates Prox1 function posttranslationally.
Experimental Procedures
ES cell culture and manipulation
Pitx3 GFP/+ and Pitx3 GFP/GFP ES cells were derived directly from blastocysts generated from Pitx3 GFP/+ · Pitx3 GFP/GFP matings as described previously (Nichols et al., 1990) . ES cells were routinely maintained in the absence of feeder cells in Glasgow Modified Eagles Medium (GMEM) supplemented with 2-mercaptoethanol, nonessential amino acids, sodium bicarbonate, 10% foetal calf serum and leukaemia inhibitory factor (LIF) (Smith and Rathjen, 1991) .
Tissue preparation
Mice were housed according to the Animals (Scientific Procedures) Act (UK) 1986. To obtain Pitx3 null embryos, homozygous Pitx3 GFP/GFP mice were crossed with heterozygous Pitx3 GFP/+ females. Midday after the vaginal plug was considered as embryonic day 0.5 (E0.5). Females were killed by cervical dislocation, and the embryos were dissected free of the uterus and washed in PBS. For cryosectioning, embryos were fixed in 4% paraformaldehyde (PFA), cryoprotected in 30% sucrose in PBS, and embedded in OCT compound before cryosectioning at 10-12 lm.
Chimera analysis
The diploid aggregation method used was based on that of Nagy and Rossant (Wood et al., 1993) . GFP tagged Pitx3 heterozygous and homozygous ES cells were trypsinised and replated on a non-adherent bacterial culture dish and cultured for 2 h for the formation of aggregates. Each ES cell aggregate (8-15 cells) was plated with a zona-free wild-type F1 (C57BL/6xCBA) 8-cell embryo and cultured overnight at 37 C. The chimeric blastocysts formed were then transferred into the uterine horn of a 2.5 dpc pseudopregnant foster female. Chimeric embryos were harvested at E11.5 and E14.5, respectively; and the tissues were processed as described above. The extent of ES cell contribution in the resulting chimeras was determined by the proportion of GFP + cells in the tongue, where no defects were observed in Pitx3 null mice. Statistic analysis was carried out using student's t test.
Immunohistochemistry
Sections were washed twice with PBS and fixed in 4% PFA in PBS for 20 min at room temperature. After two rinses with PBS + 0.2% Triton (PBST) for 5 min each, sections were blocked in PBST with 3% normal serum followed by incubation with primary antibodies at the appropriate dilution in blocking solution overnight at 4 C. After the incubation, cells were washed three times with PBST for 20 min and then incubated for 3 h with the secondary antibody in blocking solution in the dark. After washing three times with PBS, sections were counterstained with DAPI or Topro for 30 min and mounted in Immunofluore (ICN Biomedicals). Analysis was carried out using a Zeiss Axiophot microscope or Leica confocal microscope.
Primary antibodies were obtained from the following sources: p27Kip1, 1:100, polyclonal, Santa Cruz; p27Kip2, 1:100, polyclonal, Abcam; b-and c-crystallins, 1:100, polyclonal, gifts from Drs. H Makarenkova and S Zigler, respectively. PDGFRa and E-cadherin, both monoclonal, 1:100, gift from Dr. S Nishikawa; Pitx3, 1:500, polyclonal, gift from Dr. M Smidt; Pax6, 1:300, polyclonal, Chemicon.
4.5.
In situ hybridisation
Whole mount RNA in situ hybridisation was performed using the method by Wilkinson (Wilkinson, 1992) .
4.6.
Genotyping of Pitx3 mutant mice Pitx3 genotype was determined by PCR using the following primers:
Wild-type reverse primer: TCCATCGCCGCTTCTATGGT; mutant reverse primer: AGCCTCGACTGTGCCTTCTA; and communal forward primer: CCGGAGAGGCTGTGAATTAC. DNA was initially denatured for 3 min at 94 C then subjected to 45 cycles of denaturing at 94 C for 30 s, annealing at 55 C for 30 s and extension at 72 C for 1 min. This is followed by a final elongation step of 10 min at 72 C. PCR product from the wild-type allele is 369 bp in size whilst the mutant allele is 590 bp.
